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and expense are often the result of operations involving multiple laboratory processing 
steps. 

Many workers have attempted to solve these problems by creating 
integrated laboratory systems. Conventional robotic devices have been adapted to 
5 perform pipetting, specimen handling, solution mixing, as well as some fractionation and 
detection operations. However, these devices are highly complicated, very expensive 
and their operation requires so much training that their use has been restricted to a 
relatively small number of research and development programs. Mo.-b successful have 
been automated clinical diagnostic systems for rapidly and inexpensively performing a 
10 small number of applications such as clinical chemistry tests for blood levels of glucose, 
electrolytes and gases. Unfortunately due to their complexity, large sze and great cost, 
such equipment, is limited in its application to a small number of diagnostic 
circumstances. 

The desirabDity of exploiting the advantages of integrated systems in a 
15 broader context of laboratory applications has led to proposals that such systems be 
miniaturized. In the considerable research and development effort was put into 

an exploration of the concept of biosensors with the hope they might fill the need. Such 
devices make use of selective chemical systems or biomolecules that are coupled to new 
methods of detection such as electrochemistry and optics to transduce chemical signals 
20 to electrical ones that can be interpreted by computers and other signal processing units. 
Unfortunately, biosensors have been a commercial disappointment. Fewer than 20 
commercialized products were available in 1993, accounting for revenues in the U.S. of 
less than SI 00 million. Most observers agree that this failure is primarily technological 
rather than reflecting a misinterpretation of market potential. In feci, many situations 
25 such as massive screening for new drugs, highly parallel genetic research and testing, 
micro-chemistry to minimize costly reagent consumption and waste generation, and 
bedside or doctor's office diagnostics would greatly benefit from miniature integrated 
laboratory systems. 

In the early 1990*5, people began to discuss the possibility of creating 
30 miniature versions of conventional technology. Andreas Manz was one of the first to 
articulate the idea in the scientific press. Calling them "miniaturized total analysis 
systems." or w n-TAS, n he predicted that it would be possible to integrate into single 
units microscopic versions of the various dements necessary to process chemical or 
biochemical samples, thereby achieving automated experimentation. Since that time, 
35 miniature components have appeared, particularly molecular separation methods and 
microvalves. However, attempts to combine these systems into completely integrated 
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The microchip laboratory system of the present invention analyzes and/or 
synthesizes chemical materials in a precise and reproducible manner The system 
includes a body having integrated channels connecting a plurality of reservoirs that store 
the chemical materials used in the chemical analysis or synthesis performed by the 
5 system In one aspect, it least five of the reservoirs simultaneously have a controlled 
electrical potential, such that material from at least one of the reservoirs is transported 
through the channels toward at least one of the other reservoirs The transportation of 
the materia] through the channels provides exposure to one or more selected chemical or 
physical environments, thereby resulting in the synthesis or analysis of the chemical 
10 material. 

The microchip laboratory system preferably also includes one or more 
intersections of integrated channels connecting three or more of ths reservoirs. The 
laboratory system controls the electric fields produced in the channels in a manner that 
controls which materials in the reservoirs are transported through the intersection^). In 

15 one embodiment, the microchip laboratory system acts as a mixer or diluter that 
combines materials in the intersections) by producing an electrical potential in the 
intersection that is less than the electrical potential at each of the two reservoirs from 
which the materials to be mixed originate. Alternatively, the laboratory system can act 
as a dispenser that electroldneticafiy injects precise, controlled amounts of material 

20 through the intersection^). 

By simultaneously applying an electrical potential at each of at least five 
reservoirs, the microchip laboratory system can act as a complete system for performing 
an entire chemical analysis or synthesis. The five or more reservoirs can be configured in 
a manner that enables the elcctrokinetic separation of a sample to be analyzed ("the 
25 anaryte") which is then mixed with a reagent from a reagent reservoir. Alternatively,* 
chemical reaction of an anaryte and a solvent can be performed first, and then the 
material resulting from the reaction can be ekctrokincticaUy separated. As such, the use 
of five or.more reservoirs provides an integrated laboratory system that can perform 
virtually any chemical analysis or synthesis. 

30 ta y* 1 Mother aspect of the invention, the microchip laboratory system 

includes a double intersection formed by channels interconnecting at least she reservoirs. 
The first intersection can be used to inject a precisely sized analyte plug into a separation 
channel toward a waste reservoir. The electrical potential at the second intersection can 
be selected in a manner that provides additional control over the size of the analyte plug. 

35 In addition, the electrical potentials can be controlled in a manner that transports 
materials from the fifth and sixth reservoirs through the second intmection toward the 
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Figure 6 is a schematic top view of a microchip laboratory system 
according to a third preferred embodiment of a microchip according to the present 
invention, 

Figure 7 is a CCD image of "sample loading mode for rhodamine B" 

(shaded area); 

Figure 8(a) is a schematic view of the intersection area of the microchip 
of Figure 6, prior to anah/te injection; 

Figure 8(b) is a CCD fluorescence image taken of the same area depicted 
in Figure 8(a), after sample loading in the pinched mode, 

Figure 8(c) is a photomicrograph taken of the same area depicted in 
Figure 8(a), after sample loading in the floating mode; 

Figure 9 shows integrated fluorescence signals for injected volume 
plotted versus time for pinched and floating injections; 

Figure 10 is a schematic, top view of a microchip according to a fourth 
1 5 preferred embodiment of the present invention; 

Figure 1 1 is an enlarged view of the intersection region of Figure 10; 
Figure 12 is a schematic top view of a microchip laboratory system 
according to a fifth preferred embodiment according to the present mventton; 

Figure 13(a) is a schematic view of a CCD camera view of the 
20 intersection area of the microchip laboratory system of Figure 12: 

Figure 13(b) is a CCD fluorescence image taken of the same area 
depicted in Figure 13(a), after sample loading in the pinched mode; 

Figures I3(c)-13(e) are CCD fluorescence images taken of the same area 
depicted in Figure 13(a). sequentially showing a plug of anaryte moving away from the 
channel intersection at 1, 2, and 3 seconds, respectively, after switching to the run mode; 

Figure 14 shows two injection profiles for didansyl-lyane injected for 2s 
with y equal to 0.97 and 9.7; 

Figure 15 are electropherograms taken at (a) 3.3 cm, (b) 9.9 cm, and 
(e) 16.5 cm from the point of injection for rhodamine B Cess retained) and 
30 sulforhodamine (more retained); 

Figure 16 is a plot of the efficiency data generated from the 
electropherograms of Figure 15, showing variation of the plate number with., channel 
length for rhodamine B (square with plus) and sulforhodamine (square with plus) and 
sulforhodamine (square with dot) with best linear fit (solid lines) for each analyte; 

Figure 17(a) is an elect rophcrogram of rhodamine B and fluorescein with 
a separation field strength of 1 .5 kV/cm and a separation length of 0 9 mm, 



25 



35 



PCTA3S95/09492 

WO 96/04547 

7 



5 



15 



FiRure 17(c) is an dectropnw p 
** Figure 1 8 » a graph f 0 ^^^ B at scp^n lengths of 

1 6 mm (circle) and ll.l mm(squa«)»" 

Mi^onflandlU*™^^' f ^manns analyzed *y 

mm (diamono; ™ c hromatog«ni oi •«« 

figure 19 shows ■ 

. ^,nW using the system of Figure i*. ^,himz from mtcellv 

— ^. M *o«~» — — ' - *• *" n 

» F ,^ 25 u.^^• f •■ ierod * 1 * oa ' O0 ' ,, " Cm,,:00,i '' ,8 

» * ^^Tm*^ the «*»*«**» of «« aw* "K" 

— » • ta,roP,,ero^,, " " f ^ 

35 flu\dicn«nip^ionsofF.gure23. 



WO 96/04547 




PCIYUS95/09492 



10 



15 



20 



25 



30 



35 



BstaikiDescription nf ft, in»» n{ j fln 

Integrated, micro-laboratory ^ems for .nalyzuu or synthesis 

the U ,o .elected cnemi* or physical envi™^ tlat p^J^ 
™„ S orp artitioi ^. Given thxco^nof^ytestlut prices chS 

^uftctunng methods for creatin* devices o„ . ^ j£ 

The present invention provides the tools necessary to make use of 
pic partlti0mn ^ B y amuhaneously controlfina voltiae » > rf, M ib. r 

Such irtejMe.1 mcre-hbomoc, Worn can be „«*. up of several 

nm. >-*-*•» «*, . a DNA molec*. » ^ mkrofiWcaed 
•cchmcuo emptoymg „„,„„,. i,,,^ ^ ^ ^mm^^L 

, and . selected vctae of >b« ™c,ion ^ k diipera!d ^ , 
enamel. Elecwphoresis is conduce ^ nuon!s[ait ^ rf 

Shown ui Fipire I is an example of a microchip Isboratory system 10 

10 -M- - B. !«. ,0. 20, „d 22 connected w aA * J£ 

of channel, 24 m.cromachi„ed imo a substrate or base member (« ah™ m Fig 1 X as 





PCT/XJS95/09492 

WO 96/04547 



• n oo iq in fluid coinmunicatioii with a 
coding «■ » * « is corseted » •*« second channel 2* 

intersect on of channels 30, j ^* ,u 

The m-tenals «on» ^ ^ dcsirtd 

analysis or synthesis. To provide aicn e, ,. levels, including 

— * -r r — - - z£X -5- — — • 

Md multiple reb»» to obtwi the *^ * .j.ji by votuge km 

V1-V6 in order to .poly the denred -hanndi SI S! end SJ connected 

„ to the 6m. Kcood. »d third taersectu*. 3S. 40. «. respec. 

votagB p,^l« those ^oonrtooied pUn* Sojnd 

tu- of dcctfofancuc transpon on 

V^L b , ^ ^proKh for ramp* rnampuliuon 
^^o» de-ices, descrW ^j^™^ Tto pMS ^ ir^nuoo eb= 

30 »„1lrwt»etnet.».ctorje «» Wah tte ipplic«io. of w eketne 

^ in A. ctarged do*. ^ „ ^Uo the c-hode. or 



35 4nt\ 



WO 96/04547 




PCT/US95/09492 



where v is the solvent velocity, e is the dielectric constant of the fluid, ^ is the acta 
potential of the surface, E is (he electric field strength, and n is the solvent viscosity. 
From equation 1 it is obvious that the fluid flow velocity or flow rate can be controlled 
5 through the electric fidd strength. Thus, electroosmosis can be used a* a programmable 
pumping mechanism. 

The laboratory microchip system 10 shown in Figure 1 could be used for 
performing numerous types of laboratory analysis or synthesis, such as DNA sequencing 
or analysis, electrochromatography, micellar dectrokinetic capillary chromatography 
10 (MECQ. inorganic ion analysis, and gradient elution liquid chromatography, as 
discussed in more detail below. The fifth channel 34 typically is used lor electrophoretic 
or electrochromatographic separations and thus may be referred to in certain 
embodiments as a separation channel or column. The reaction chamber 42 can be used 
to mix any two chemicals stored in the first and second reservoirs 12, 14. For example. 
15 DNA from the first reservoir 12 could be mixed with an enzyme from the second 
reservoir 14 in the first intersection 38 and the mixture could be incubaed in the reaction 
chamber 42. The incubated mixture could then be transported through the second 
intersection 40 into the separation column 34 for separation. The sixth reservoir 22 can 
be used to store a fluorescent label that is mixed in the third interaction 44 with the 
20 materials separated in the separation column 34. An appropriate detector (D) could then 
be employed to analyze the labeled materials between the third intersection 44 and the 
fifth reservoir 20. By providing for a pre-separation column reaction in the first 
intersection 38 and reaction chamber 42 and a post-separation column reaction in the 
third intersection 44, the laboratory system 10 can be used to implement many standard 
25 laboratory techniques normally implemented manually in a conventional laboratory. In 
addition, the elements of the laboratory system 10 could be used to build a more 
complex system to solve more complex laboratory procedures. 

The laboratory microchip system 10 includes a substrate or base member 
(not shown in Fig. 1) which can be an approximately two inch by one inch piece of 
30 microscope slide (Corning, Inc. #2947). While glass is a preferred material, other similar 
materials may be used, such as fused silica, crystalline quartz, fused quartz, plastics, and 
silicon (if the surface is treated sufficiently to alter its resistivity). Preferably, a non- 
conductive material such as glass or fused quartz is used to allow re atively high electric 
fields to be applied to electrokineiically transport materials through channels in the 
35 microchip. Semiconducting materials such as silicon could also be L«d, but the electric 
field applied would normally need to be kept to a minimum (approximately less than 300 
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Gated Disp enser 

Shown in Figure 3 is a laboratory component 10A that can be used to 

HUTS ' ^ ^ ° f Wa,5POrtiR8 ' *— 24A. 

The A fbUowing «ch number in Figure 3 indicate, that i, corrcspo^ to on analogous 

*«* of F,gure , of the same number without the A. For simply, the electrodes 

through the channel system 24A are not shown in Figure 3. 

The microchip laboratory system 10A shown in Rgure 3 controls the 
amount of materia] from the first reservoir I2A tr™*™^ u \ - 
rou/,H tk. -u ,ZA tf w*POrted through tfe intersection 40A 

toward the fourth reserve* 20A by eJcctrokinetically opening and closing access to the 

mtersect.on 40A from the first channel 26A As such, the laboratory JZT ! 

IDA ««*nfj*iu, * t * raowwoiy microchip system 

including fluids and ions. • 

The laboratory system 10A provides a continuous ^directional flow of 
Ou.d through the Reparation channel 34A. This injection or d^ensing sehcnl Uy 

to*** reservoir 20A to remain at ground potential. T*s will allow injection and 
separation to be performed with a single polarity power supply. 

An enlarged view of the intersection 40A is shown in Figure 4 The 
dtrecuonal arrows indicate the time sequence of the flow profile, at the intention 40A 
The sohd arrows show the initial flow pattern. Voltes a, the vaious reservoirs are 
adjusted to obtam the described flow patterns. Tne initial flow pattern brings a second 
material from the second reservoir 16A at a sufficient rate such that all of the first 
material transported from reservoir 12A to the intersection 40A is pushed toward the 
third reservoir 18A. In general, the potential distribution will be such that the highest 
potential ,s in the second reservoir wa. a slightly lower potential in the first 
reservoir 12A, and yet a lower potential in the third reservoir UA, with the fourth 
reservoir 20A bang grounded. Under these conditions, the flow towards the fourth 
reservoir 20A is solely the second material from the second reservoir I6A 

T ° *P— serial from the first reservoir 12A thrcugh the interseciion 
40A, the potem,al at the second reservoir 16A can be switched to a value less than the 
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The distance between the upper and lower intersections 40C and 64, 
respectively, should be as small as possible to minimize plug distortion and criticahty of 
timing in the switching between the two flow conditions. Electrodes for sensing the 
electrical potential may also be placed at the lower intersection and 11 the channels 56 
5 and 58 to assist in adjusting the electrical potentials for proper flow control Accurate 
flow control at the lower intersection 64 may be necessary to prtve tt undesired band 
broadening. 

After the sample plug passes the lower intersection, the potentials are 
switched back to the initial conditions to give the original flow profile as shown with the 

I0 long dashed arrows. This flow pattern will allow buffer flow into the separation channel 
34C while the next analyte plug is being transported to the plug forming region in the 
upper intersection 40C. This injection scheme will allow a rapid succession of injections 
to be made and may be very important for samples that are slow to m grate or if it takes 
a long time to achieve a homogeneous sample at the upper intersection 40C such as with 

IS entangled polymer solutions. This implementation of the pinched injection also 
maintains unidirectional flow through the separation channel as mighi be required for a 
post-column reaction as discussed below with respect to Figure 22. 

Serpentine Channel 

20 Another embodiment of the invention is the modoficd analyte injector 

system 10D shown in Figure 12. The laboratory system 10D shown in Figure 12 is 
substantially identical to the laboratory system 10B shown in Figure 6, except that the 
separation channel 34D follows a serpentine path. The serpentine path of the separation 
channel 34D allows the length of the separation channel to be greatly increased without 

25 substantially increasing the area of the substrate 49D needed to implement the serpentine 
path. Increasing the length of the separation channel 34D increases the ability of the 
laboratory system 10D to distinguish elements of an analyte. In one particularly 
preferred embodiment, the enclosed length (that which is covered by the cover plate 
49D 1 ) of the channels extending from reservoir 16D to reservoir 18D is 19 mm, while the 

30 length of channel portion 26D is 6,4 mm and channel 34D is 17 1 nun Hie turn radius of 
each turn of the channel 34D, which serves as a separation column, is 0.16 mm. 

To perform a separation using the modified analyte injector system 10D, 
an analyte is first loaded into the injection intersection 40D using one of the loading 
methods described above. Afler the analyte has been loaded into the intersection 40D of 

35 the microchip laboratory system 10, the voltages arc manually switched from the loading 
mode to the run (separation) mode of operation. Figures 13(a>13(e) illustrate a 
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0 ™ ** include, buc are not limited to 

opacal tbsorbance, refractive index changes, fluorescence .mi™ , , 

-nous fona* of Raman apcctH^T Z^T T ^ ,UminCS< * ncc . 

. . , »P«:uoacopy, electrical conductometric measurement 

electrochemical amperiometric measurements, acoustic wave 

/s.. , , , ' " WUJUC propagaaon measurements 

Optical absorbence increment, are common], employed with 

dte^TT t^^"^ Optica absorber is commonly 

a known length of matenal to be quantified. Alternative approaches „ e JT 
"** ^ -stic and photo Lnt^ si 

can be utilized with the rnicrochip techno,^ d-scu^ThTwith ^ 
additional advantage of ootentiallv int^ti— .• i wtUl me 

devices The u« «f .! r T ^ * P 00 "^fabricated 

devKes. The use of solid-state optiad source, such as LEDs and d«,de lasers with and 

without frequency conversion elements would be attractive for redu™ r 
t^,^. *» |i * c *««cuvc lor reduct ion of system size 

Integra , on of solid state optical source and detector technology onto a chTdocs not 
presently appear viable but may one day be of interest. P 

Refractive index dctccton have aho been corimonly used for 
qu^Uf^on of flowing stream chemical analysis systems because ofgenLty of Z 
phenomenon but have typically been less sensitive than optica, absorption. User based 
implements of refractive index detection could provide adequate sensitivity m some 
»™,ow and have advantages of simplicity Fluorescence emission (or fluorescence 

" Wtre,neiy deteCU ° n - « com^nly employed for 

th^ ana^s of b.ological material, This approach to detection has mu*X^ to 

nuntature chemtcal analysis and synthesis devices because of the sensitivity of the 
technique and the small volumes that can be manipulated and anaryz* (volumes in the 
Ptcohtcr range are feasible). For example, a 100 P L sample volume with 1 nM 
concentration of analyte would have only 60,000 analyte molecules to be processed and 
detected. There are several demonstration, in the literature of detecting . M 
molecule in solution by fluorescence detection. A laser source is often used as the 
excitation source for ultrasensitive measurement, but conventional Ujjht source, such as 
rare gas discharge lamps and light emitting diodes (LEDs) are also used The 
fluorescence emission can be detected by a photomultiplier tube. photodiode or other 
bght sensor An array detector such as a charge coupled device (CCD) detector can be 
used to image an analyte spatial distribution. 

Raman spectroscopy can be used as a detection method for microchip 
devices with the advantage of gaining molecular vibrational information, but with the 
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i.e., the enzyme produces a detectable product. There are many examples where such an 
approach has been used in conventional laboratory procedures w enhance detection, 
either by absorbence or fluorescence. A third example of a detection method that could 
benefit from integrated mixing methods is cfcmuummescuice det^ In these types 
i of detection scenarios, a reagent and a catalyst are mixed with m appropriate target 
molecule to produce an excited state molecule that emits a detectabe photon. 

Analvte Stackin g 

To enhance the sensitivity of the microchip laborarory system 10D. an 
analvte pre-concentration can be performed prior to the separauon. Concentration 
enhancement is a valuable tool especially when analyzing environmental samples and 
biological materials, two areas targeted by microchip technology. Analvte stacking is a 
convenient technique to incorporate with electrophone analyses To employ analyte 
stacking, the analyte is prepared in a buffer with a lower conductivity than the separation 
buffer. The difference in conductivity causes the ions in the analyte to stack at the 
beginning or end of the analyte plug, thereby resulting in a conc-ntrated analvte plug 
portion that b detected more easily. More elaborate preconcentration techniques include 
two and three buffer systems, i.e.. transient isotachophoreiic preconcentration. It will be 
evident that the greater the number of solutions involved, the more difficult the injection 
technique is to implement. Pre-concentration steps are well suited for implementation on 
a microchip. Elcctroosmotically driven flow enables separation and sample buffers to be 
controUed without the use of valves or pumps. Low dead volume connections between 
channels can be easily fabricated enabfing fluid manipulation with high precision, speed 
and reproducibility. 

Referring again to Figure 12, the pre-concentratian of the analyte is 
performed at the top of the separation channel 34D using a modif ed gated injection to 
Stack the analyte First, an analyte plug is introduced onto the separation channel 34D 
usmg etectroosmotic flow. The analyte plug is then followed by rrore separation buffer 
from the buffer reservoir I6D. At this point, the analyte stacks at the boundaries of the 
30 analvte and separation buffers. Dansylated amino acids were used as the analyte, which 
are anions that stack at the rear boundary of the analyte buffer plug. Implementation of 
the analyte stacking is described along with the effects of the stacking on both the 
separation efficiency and detection limits. 

To employ a gated injection using the microchip laboratory system 10D, 
the analyte is stored in the top reservoir 12D and the buffer is stored in the left reservoir 
16D. The gated injection used for the analyte stacking is performed on an analyte having 
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enhancement due to stacking increases with mcrcasing relative corductivities, y. i„ 
Table 1, the enhancement is listed for g from 0.97 to 970. Although ihe enhancement is 
largest when y - 970, the separttion efikiency suffer, due to an elect, oosmotk presn,™ 
onmnttng « Ihe concentration boundary who, the relative conductivity » too large A 
compromise between the stacking enhancement and separation efficiency must be 
reached mid y - 10 has been found to be optimal. For reparation, performed usinc 
stacked injections with y - 97 and 970, didansyWysme and dan^bolcuonc could not 
be resolved due to a loss in efficiency. Also, bec^se the injection process on the 
m.ooclup a computer controlled, and the column is not ph>^ tr^rtcd from vial 
to vul, me reproducibility of the stacked injection, is 2. 1 % ,sd (perce n relative standard 
deviation) for peak area for 6 replicate analyses. For comparisor. the non-stackcd. 
gated inject™ has , 14% rsd for peak area for 6 replicate anak-ses, «d the pinched 
.njecfon has a 0 75% rsd for peak area for 6 replicate analyses These correspond wefl 
to reported values for large-scale, commercial, automated capillary electrophoresi, 
uwrumcnts. However, injections made on the microchip are « Il» times smaller in 
volume, e g. 1 00 P L on the microchip versus 10 nL on a conunerckl instrument 



: Variation of stacking enhancement with relative conductivity, y. 




Concentrati on Enhancement 

I 

6.5 
11.5 
13.8 



Buffer streams of different conductivities can be accurately combined on 
microchips. Described herein is a simple stacking method, although more elaborate 
stacking schemes can be employed by fabricating a microchip with additional buffer 
reservoirs. In addition, the leading and trailing electrolyte buffer* can be selected to 
enhance the sample stacking, and ultimately, to lower the detection limits beyond that 
demonstrated here. It is also noted that much larger enhancements are expected for 
inorganic (elemental) cations due to the combination of field amplified analyte injection 
and better matching of analyte and buffer ion mobilities. 

Regardless of whether sample stacking is used, the :mcrochip laboratory 
system 10D of Figure 12 can be employed to achieve electrophorecttc separation of an 
analyte composed ofrhodamine B and sulforhodamine. Figure 15 re electropherograms 
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,u, o o «n. and (c) 16 5 cm from the point of inject*., for rhodamine B 
at (i) 3.3 cm, (b) 9.9 cm. and (c) le, ^ ^ ^ 

0- retained) and = ^ ^ . n0 v/an , 

following conditions: u.jecoon type was pir*hed. £ m the 

conventional manner «ngle ^ tcparElion ^ 34D 

of plate, generated per unit time, as given by the formula 

m « u(ho 

u~ .f.w^icil elates, t is the separation time. L is the length of the 
height, H, can be written as H-A + Bfti 

. u- m of the contributions from the injection plug leng h and the detector 
where A is the sum of the contnouno coefficient for the analyte in the 

path length, B is equal to 2D. where D. . *e diffi-on coeffic-en 

buffer, and uis the linear velocity of the a*** u , uE where u is 

Combming the -^^^ctHc «eld strength. 

the effective ^^J^^o^O, ^ Md ^ 
the plates per unit time can be expressed as a wncuo 



tM =» (uEJ* / (ApE + B) 
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Efficiencies of this magnitude arc sufficient for many separation applications The 
linearity of the data provides information about the uniformity and quality of the channel 
along its length. If a defect in the channel, e.g>, a large pit, was present a sharp decrease 
in the efficiency would result; however, none was detected The efficiency data are 
5 plotted in Figure 16 (conditions for Figure 1 6 were the same ns for Figure 15). 

A similar separation experiment was performed using the microchip 
analyte injector 10B of Figure 6. Because of the straight separation channel 34B, the 
analyte injector 10B enables faster separations than are possible using the serpentine 
separation channel 34D of the alternate analyte injector 10D shown in Figure 12. In 

10 addition, the electric field strengths used were higher (470 V/cm and 100 V/cm for the 
buffer and separation channels 26B, 34B, respectively), which fori her increased the 
speed of the separations. 

One particular advantage to the planar microchip laboratory system 10B 
of the present invention is that with laser induced fluorescence the poi it of detection can 

1 5 be placed anywhere along the separation column. The electruphcrogruns are detected at 
separation lengths of 0 9 mm, 1.6 mm and 1 1. 1 mm from the injection intersection 40B. 
The 1.6 mm and 11.1 mm separation lengths were used over a ranje of electric field 
strengths from 0.06 to 1.5 kV/cm, and the separations had baseline resolution over this 
range. At an electric field strength of 1.5 kV/cm, the analytcs, rhodamine B and 

20 fluorescein, are resolved in less than ISO ms for the 0.9 mm separation length, as shown 
in Figure 17(a), in less than 260 ms for the 1.6 mm separation length, as shown in Figure 
17(b), and in less than 1 .6 seconds for the 1 1 . 1 mm separation length, as shown in Figure 
17(c). 

Due to the trapezoidal geometry of the channels, the upper corners make 
25 it difficult to cut the sample plug away precisely when the potentials are switched from 
the sample loading mode to the separation mode. Thus, the injection plug has a slight 
tail associated with it, and this effect probably accounts for the tail ng observed in the 
separated peaks. 

In Figure 18, the number of plates per second for the 1.6 mm and 
30 1 1 . 1 mm separation lengths are plotted versus the electric field strcn;jth. The number of 
plates per second quickly becomes a linear function of the electric field strength, because 
the plate hei#it approaches a constant value. The symbols in Figi re 14 represent the 
experimental data collected for the two analytes at the 1.6 mm and 1 1.1 mm separation 
lengths. The lines are calculated using the previously-stated equation and the 
35 coefficients arc experimentally determined. A slight deviation is seen between the 
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the buffer reservoir 12D. This method of loading and injecting the *mple is time- 
independent, non-biased and reproducible 

In Figure 19, a chromatognun of the coumarins is shown for a linear 
velocity of 0.65 mm/s. For C440, 1 1 700 plates was observed which corresponds to 120 
plates/, The most retained component, C460. has an efficiency IIM rIy „ order of 
magnitude lower than for C440. which was 1290 pbtea. The undulaing background in 
the chromatogrmms is due to background fluorescence from the {.lass substrate and 
show, the power instability of the laser. This, however, did not hamper the quality of 
the separations or detection. These results compare quite well with conventional 
laboratory High Performance LC (HPLC) techniques in term, of ilatc numbers and 
exceed HPLC in speed by a factor often. Efficiency is decreasing Mid, retention faster 
than would be predicted by theory. This effect may be due to overloading of , he 
monolayer stationary or kinetic effects due to the high speed of the serration. 



» MScellar Electrokinetic CanillRiy ChrniMtngffl phy 

In the electrocardiography experiments discussed above with respect 
to Figure 19. sample components were separated by their partitionina interaction with a 
stationary phase coated on the channel walls. Another method or separating neutral 
anarytes is micellar electrokinetic capillary chromatograplry (MECC). MECC is an 

20 operational mode of electrophoresis in which a surfactant such as sodhim dodecylsuliate 
(SDS) is added to the buffer in sufficient concentration to form micelles m the buffer. In 
a typical experimental arrangement, the micelles move much more slowly toward the 
cathode than does the surrounding buffer solution. The partitioning of solutes between 
the micelles and the surrounding buffer solution provides a separation mechanism similar 

25 to that of liquid chromatography. 

The microchip laboratory 10D of Figure 12 was used to perform on an 
anaryle composed of neutral dyes coumarin 440 (C440), coumarin 450 (C450), and 
coumarin 460 (C460, Exciton Chemical Co., Inc.). Individual stock solutions of each 
dye were prepared in methanol, then diluted into the analysis buff* before use. The 
concentration of each dye was approximately 50uM unless indicaicd otherwise. The 
MECC buffer was composed of 10 mM sodhim borate (pH 9.1), 50 mM SDS, and 10% 
(vAr) methanol The methanol aids in solubilizmg the coumarin dyes in the aqueous 
buffer system and also affects the partitioning of some of the dyes into the micelles. Due 
care must be used in working with coumarin dyes as the chemical, physical, and 
35 toxicological properties of these dyes have not been fully investigated. 
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Inorganic Ion AMyflg 

Another laboratory analysis that can be performed on either the 
laboratory system I OB of Figure 6 or the laboratory system 10O of Figure 12 is 
inorganic ion analysis. Using the laboratory system 10B of Figu?e 6. inorganic ion 
5 analysis was performed on metal ions completed with 8-4iydroxyi|uiivofine-5.sulfoiiic 
acid (HQS) which are separated by electrophoresis and detected with UV laser induced 
fluorescence. HQS has been widely used u a ligand for optical determinations of metal 
ions. The optical properties and the solubility of HQS in aqueous media have recently 
been used for detection of metal ions separated by ion chromatography and capillary 
10 electrophoresis Because uncompleted HQS does not fluoresce, excess ligand is added 
to the buffer to maintain the complexation equilibria during the separation without 
contributing a large background signal. This benefits both th>s efficiency of the 
separation and detectability of the sample. The compounds used for the experiments arc 
line sulfate, cadmium nitrate, and aluminum nitrate. The buffer is sodium phosphate (60 
15 mM, pH 6.9) with 8- hydroxyquinoline-S-sulfonic acid (20 mM for all experiments 
except figure 5; Sigma Chemical Co.) At least 50 mM sodium phosphate buffer is 
needed to dissolve up to 20 mM HQS. The substrate 49B used was fused quartz, which 
provides greater visibility than glass substrates. 

The floating or pinched analyte loading, as described previously with 
respect to Figure 6 t is used to transport the analyte to the injection intersection 40B. 
With the floating sample loading, the injected plug has no electrophoretic bias, but the 
volume of sample is a function of the sample loading time Because the sample loading 
time is inversely proportional to the field strength used, for high injection field strengths 
a shorter injection time is used than far low injection field strengths For example, for an 
25 injection field strength of 630 V/cm (Figure 3a), the injection time is 12 s, and for an 
injection field strength of 520 V/cm (Figure 3b), the injection time is 14.5 s Both the 
pinched and floating sample loading can be used with and without suppression of the 
electroosmotic flow. 

Figures 21(a) and 21(b) show the separation of three metal ions 
30 complexed with 8-hydroxyquinoline-5-sulfonic acid. All three complexes have a net 
negative charge. With the electroosmotic flow minimized by the covalent bonding of 
poiyacrylamide to the channel walls, negative potentials relative to ground are used to 
manipulate the complexes during sample loading and separation. In Figures 21(a) and 
21(b), the separation channel field strength is S70 and 720 V/cm, respectively, and the 
35 separation length is 16.5 mm. The volume of the injection plug is 120 pL which 
corresponds to 16, 7, and 19 finol injected for Zn, Cd, and Al, respectively, for Figure 
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TE/CCD-512TKM) for imaging a region of the microchip 90. The compounds used for 
testing the apparatus were rhodamine B (Exriton Chemical Co., Inc.) arginine, glycine, 
threonine and o-phthaldialdehyde (Sigma Chemical Co.) A sodium tetraborate buffer 
(20 raM, pH 9.2) with 2% (v/v) methanol and 0.5% (v/v) fl-mercaptoethanol was the 
5 buffer in all tests The concentrations of the amino aci d, OPA and rhodamine B 
solutions were 2mM, 3.7mM, and 50uM, respectively. Several nn conditions were 
utilized. 

The schematic view in Figure 23 demonstrates one ou nple when 1 IcV is 
applied to the entire system. With this voltage configuration, the dettric field strengths 
10 in the separation channel 34E (E^) and the reaction channel 36E (E«.) are 200 and 425 
V/cm, respectively. This allows the combining of 1 part separation «iffluent with I 125 
parts reagent at the mixing tee 44E. An analyte introduction system sjch as this, with or 
without post-column reaction, allows a very rapid cycle time for multiple analyses 

The electropherograms; (A) and (B) in Figure 2' demonstrate the 

15 separation of two pairs of amino adds. The voltage configurator is the same as in 
Figure 23, except the total applied voltage is 4 kV which corresponds to an electric field 
strength of S00 V/cm in the separation column and 1,700 V/cm. in the reaction 
column (Ebp). The injection times were 100 ms far the tests wliich correspond to 
estimated injection plug lengths of 3S4, 245, and 225 pm for arginine, glycine and 

20 threonine, respectively. The injection volumes of 102. 65, and 60 pL correspond to 200, 
130, and 120 find injected for arginine, glycine and threonine, respectively. The point of 
detection is 6.5 mm downstream from the mixing tee which gives a total column length 
of 13.5 mm for the separation and reaction. 

The reaction rates of the amino acids with the OPA are moderately fast, 

25 but not fast enough on the time scale of these experiments. An increase in the band 
distortion is observed because the mobilities of the derivatized compounds arc different 
from the pure amino acids. Until the reaction is complete, the zones of umeactcd and 
reacted amino add will move at different velocities causing a broadening of the analyte 
zone. As evidenced in Figure 24, glycine has the greatest discrepancy in dectrophoretic 

30 mobilities between the derivatized and un-derivatized amino acid. To ensure that the 
excessive band broadening was not a function of the retention time, threonine was also 
tested. Threonine has a slightly longer retention time than the t jycine; however the 
broadening is not as extensive as for glycine. 

To test the efficiency of the microchip in both the separation column and 

35 the reaction column, a fluorescent laser dye, rhodamine B, wrs used as a probe. 
Efficiency measurements calculated from peak widths at half height were made using the 



WO 96/04547 




PCT/US95/09492 



point d.UK*on «,h,mc at distant of 6 mm and 8 mm from the injection cno*. or 1 ..... 
upstream and 1 nun downstream from the mixing tee This provided information on the 
effects of the mixing of the two streams. 

The electric field strengths in the reagent column and the leparation 
5 column were approximately equal, and the field strength in the reaction column was 
twice that of the separation column. This configuration of the applied voltages allowed 
an approximately 1:1 volume ratio of derivatixing reagent and effluent from the 
separation column. As the field strengths increased, the degree of turbulence at the 
mixing tee increased. At the separation distance of 6 mm (Imn upstream from the 
,0 mixing tee), the p.ate height as expected as the inverse of the law velocity of the 
analyte. At the separation distance of 8 mm (1 mm upstream from the mixing tee), the 
plate height data decreased as expected as the inverse of the velocity of the analyze^ At 
the separation distance of 8 mm (1 mm downstream from the n„xmg ice) the plate 
height daU decreases from 140 V/cm to 280 V/cm to 1400 V/cm- This behavior " 
15 abnormal and demonstrate, a band broadening phenomena when two streams of equd 
volume, converge THegeometry of the mixing tee wa, not opturued to mmm^^ 
band distortion. Above section field strength of S40 V/cm. the system stabto £ 
again the plate height decreases with mcrearing fine* vdoaty For ft. - HOOV^n, 
Tratio of the plate heights at the 8 mm and 6 rnm separate length, „ 1.22 wwch » 
20 not an unacceptable loss in efficiency for the separation. _ 

The intensity of the fluorescence signal generated from the reaction of 
OPA with an amino acid was tested by continuously pumpinj glycine down the 
separation channel to mix with the OPA at the mixing tee The fluoresce signal from 
r^PA/amino acid reaction was collected using a CCD as the product moved 
25 downstream from the mixing tec. Agan, the relatrve voh^ /k uo of me OPA ^ 
g ^ streams was 1.125. OPA has a typical half-time of react™ -th-noaadsof 
4 n average residence times of an andyte molecule m the window of*™ arc 
468 234 1 17 and 0.58 s for the electric field strengths in the ruction cc4umn(E„) 
of « - «» respects, The relati, mt^es ^ 

30 fluoresce correspond qualitatively to this 4 s 

strenRlh incf eases in the reaction channel, the slope and maximum of the mtcnsrty of the 
Z£Z J* further downstream because the glycine and OPA are swept awsy 

Zl I prodi would have a step function of a response fb.low.ng *e mnemg of One 
fiTe rate of mixing dominated by diffusion prevent this from occurs 
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buffer and analyte waste reservoirs 16E, I8E are reapplied 

The use of micromachined post-cclumn reactor* can improve the power 
of post-separat,on channel reactions as an anajyticai tool by minimizing the volume of 
JeT'ST""' plumbing, especially between the separate and reagent channels 34E 
36E. Thu m.crochip design (Fi 8 ure22) wa, fabricated with modest length, for the' 
scparauon channd 34E (7 mm) and reagent channel 36E (10.8 mm) whW were more 

70 It" 1 &r ^ d r nStiaU ° n ^ MParaU ° n « «* stored 

on a ttmlar size microchip usmg . serpentine ^ t0 ^ ^ ^ 

as discussed above with respect to Figure 12. To decrease post-mixing tTband 
dmoruora. the ratio of the channel dimensions between the separate channel 34E and 
react™ channel 56 should be minimized so that the electric fidd in ^ 

separation channel 34E is large, u. narrow channel, and in the action channel 56 is 
small, i.c, wide channeL 

For capillary separation systems, the small detection volumes can limit the 
number of detection schemes that can be used to extract information. Fluorescence 
detection remain, one of the most sensitive detection techniques for capillary 
electrophoresis. When incorporating fluorescence detection into a system that doe, not 

30 have naturally fluorescing anah/tes, derivation of the analyte must occur either pre- or 
post-separation. When the fluorescent "tag- is short lived or the separation i, hindered 
by pre-separation derivation, post-column addition of derivalizin 3 reagent becomes 
the method of choice A variety of post-separation reactors have bee t demonstrated for 
capaiary elecrophoresi, However, the ability to coostmct a post- separation reactor 

>5 with extremely low volume connections to minimize band distortion has been difficult 
The present invention takes the approach of fabricating a micochip device for 





PCTAJS95/09492 

WO 96/04547 

37 

• u -.^™t«t nost-scparation reaction channd 56 in a 
^ monolithic dene, enabtag «m~ly l°« «*" ~» 



channel 



ch^ne. race * pr^u™ ^ ^ dann* 26F. 2.F Ion, . 

F,gurt I. The tffition chimb* 4W •» ^ 

61 pm dw. «d *e »<™* M *** " r " ' " 
15 deep. ,Ar ^ used to perform on-line pre- 

Th. nucrochip ^r^^r^, of ft. ~*> 

pr«tau. H«. *« r«ct« » "I""""*" ' „, decoct *«e 



tepirution conn 

_ . ..«i< uud tor the atpenment 



• £=: 

derivatiation reaction. ff l4F l6T> and 20F 

To toplcn^t the ttact^n the t^rvoirs , 2 ^ ^ ground, 

chamber 42F (25 V/cm for 1.0 kV apph* ^ ^ ^ 

separation channel 3* (300 V/cm for 1 -0 WW ^ ^ ^ ^ 

injecuon scheme. ^^^.^^m**** The analyle from 
35 i^-*-— the second reservoir I. « 

the fi^t reservoir i^r 



WO 96/04547 




PCIYUS95/09492 



38 



dectroosmotically pumped into the reaction chamber 42F with a volumetric ratio of 
1:1.06. Therefore, the solutions from the analyte and reagent reseivoirs 12F, 14F are 
diluted by a factor of « 2. Buffer wu simultaneously pumped by c!ectroosmosis from 
the buffer reservoir 16F toward the analyte waste and waste reservoirs 18F, 20F. This 
S buffer stream prevents the newly formed product from bleeding into the separation 
channel 34F. 

Preferably, a gated injection scheme, described above with respect to 
Figure 3, is used to inject effluent from the reaction chamber 42F into the separation 
channel 34F. The potential at the buffer reservoir 16F is simply floated for a brief period 

10 of time (0 . 1 to 1 .0 sX and sample migrates into the separation channel 34F. To break off 
the injection plug, the potential at the buffer reservoir 16F is reapplied The length of 
the injection plug is a function of both the time of the injection and the electric field 
strength With this configuration of applied potentials, the reaction of the amino acids 
with the OP A continuously generates fresh product to be analyzed 

IS A significant shortcoming of many capillary eiectropioresis experiments 

has been the poor reproducibility of the injections. Here, because the microchip injection 
process is computer controlled, and the injection process involves the* opening of a single 
high voltage switch, the injections can be accurately timed events. Figure 26 shows the 
reproducibility of the amount injected (percent relative standard deviation, % rsd, for the 

20 integrated areas of the peaks) for both arginine and glycine at injection field strengths of 
0.6 and 1.2 kV/cm and injection times ranging from 0.1 to 1.0 s. For injection times 
greater than 0.3 s, the percent relative standard deviation is below 1.8%. This is 
comparable to reported values for commercial, automated capil'ary electrophoresis 
instruments. However, injections made on the microchip are * 100 times smaller in 

25 volume, e.g. 100 pL on the microchip versus 10 nL on a commercial instrument Part of 
this fluctuation is due to the stability of the laser which is * 0.6 %. ] ? or injection times > 
0.3 s, the error appears to be independent of the compound injected and the injection 
field strength. 

Figure 27 shows the overlay of three electropho ne separations of 
30 arginine and glycine after on-microchip prt-column derivatization with OPA with a 
separation field strength of 1.8 kV/cm and a separation length of 10 mm The separation 
field strength is the electric field strength in the separation channel 34F during the 
separation. The field strength in the reaction chamber 4?.F is ISO V/cm. The reaction 
times for the analytes is inversely related to their mobilities, e.g., for arginine the reaction 
35 time is 4. 1 a and for glycine the reaction time is 8.9 s The volumes of the injected plugs 
were 150 and 71 pL for arginine and glycine, respectively, which correspond to 35 and 
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follows a serpentine path. The sequence for ptasmid pBR322 anc the recognition 
sequence of the enzyme Hinf I are known. After digestion, determination of the 
fragment distribution is performed by separating the digestion products using 
electrophoresis in & sieving medium in the separation channel 34G. For these 
5 experiments, hydroxyethyl ceOulose is used as the sieving medium. At a fixed point 
downstream in the separation channel 34G, migrating fragment! are interrogated using 
on-chip laser induced fluorescence with an intercalating dye, thiazole orange dimer 
(TOTO-I), as the fluorophore. 

The reaction chamber 42G and separation channel 34G shown in Figure 

10 29 are 1 and 67 mm long, respectively, having a width at half-depth of 60 pm and a 
depth of 12 ym. In addition, the channel walls arc coated with polyacrylamide to 
minimize elcctroosmotic flow and adsorption. Electropherograms a~e generated using 
single point detection laser induced fluorescence detection. An argon ion laser (10 mW) 
is focused to a spot onto the chip using a lens (100 mm focal length) The fluorescence 

15 signal is collected using a 21x objective lens (N.A. = 0.42), followed by spatial filtering 
(0 6 mm diameter pinhole) and spectral filtering (560 nm bandpass, 40 nm bandwidth), 
and measured using a photomultiplier tube (PMT) The data acquisition and voltage 
switching apparatus are computer controlled. The reaction buffer is 10 mM Tris-acetatc, 
10 mM magnesium acetate, and 50 mM potassium acetate. The reaction buffer is placed 

20 in the DNA, enzyme and waste 1 reservoirs 12G, 14G, 18G shown in Figure 29 The 
separation buffer is 9 mM Tris-borate with 0.2 mM EDTA and 1% (w/v) hydroxyethyl 
cellulose. The separation buffer is placed in the buffer and waste 2 reservoirs 16F, 20F, 
The concentrations of the plasmid pBR322 and enzyme Hinf I are 125 ng/pl and 4 
units/pl, respectively. The digestions and separations are performed at room 

25 temperature (20°C). 

The DNA and enzyme are dectrophoretically loaded into the reaction 
chamber 42 G from their respective reservoirs 12G, 14G by application of proper 
electrical potentials. The relative potentials at the DNA (12G), enzyme (14G), buffer 
(16G), waste 1 (18G) t and waste 2 (20G) reservoirs are 10%, 10% 0, 30%, and 100%, 

30 respectively. Due to the electrophoretic mobility differences between the DNA and 
enzyme, the loading period is made sufficiently long to reach equilibrium. Also, due to 
the small volume of the reaction chamber 42G, 0.7 nL, rapid diffu.sional mixing occurs. 
The elcctroosmotic flow is minimized by the covalent immobilization of linear 
polyacrylamide, thus only anions migrate from the DMA and en?yme reservoirs 12G, 

35 14G into the reaction chamber 42G with the potential distributions used. The reaction 
buffer which contains cations, required for the enzymatic digestions, e.g Mg 2 '. is also 
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chromatography separation experiment followed by post-column labc'ing reactions in 
which different chemical solutions of a given volume are pumped into the primary 
separation channel and other reagents or solutions can be injected or pumped into the 
stream at different times to be mixed in precise and known concentrations. To execute 
5 this process, h is necessary to accurately control and manipulate solutions in the various 
channels. 

Pre-TPost-Separation Reactor System 

Figure 3 1 shows the same six port microchip laboratory system 10 shown 

10 in Figure 1, which could take advantage of this novel mixing scheme Particular features 
attached to the different ports represent solvent reservoirs. This laboratory system could 
potentially be used for a liquid chromatography separation experiment followed by post- 
column labeling reactions. In such an experiment, reservoirs 12 and 14 would contain 
solvents to be used in a liquid chromatography solvent programming type of separation, 

1 5 e.g., water and acetonitrile. 

The channel 34 connected to the waste reservoir 20 and to the two 
channels 26 and 28 connecting the analyte and solvent reservoirs 12 and 14 is the 
primary separation channel, i.e., where the liquid chromatography experiment would 
take place. The intersecting channels 30, 32 connecting the buffer and analyte waste 

20 reservoirs 16 and 18 are used to make an injection into the liquid chromatography or 
separation channel 34 as discussed above. Finally, reservoir 22 and its channel 36 
attaching to the separation channel 34 are used to add a reagent, which is added in 
proportions to render the species separated in the separation channel detectable. 

To execute this process, it is necessary to accurately control and 

25 manipulate solutions in the various channels. The embodiments described above took 
very small volumes of solution (dOO pi) from reservoirs 12 and 40 and accurately 
injected them into the separation channel 34. For these various scenarios, a given 
volume of solution needs to be transferred from one channel to another. For example, 
solvent programming for liquid chromatography or reagent addition for post-column 

30 labeling reactions requires that streams of solutions be mixed in precise and known 
concentrations. 

The mixing of various solvents in known proportions can be done 
according to the present invention by controlling potentials whkh ultimately control 
electroosmotic flows as indicated in equation I. According to eruation I the electric 
35 field strength needs to be known to determine the linear velocity of the solvent. In 
general, in these types of fluidic manipulations a known potential or voltage is applied to 
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Obviously the conductivity, x, or the resistivity, p, win depend upon the 
characteristics of the solution which could vary from channel to chuinel. In many CE 
applications the characteristics of the buffer will dominate the electrical characteristics of 
the fluid, and thus the conductance will be constant In t!ie case of liquid 
5 chromatography where solvent programming is performed, the electrical characteristics 
of the two mobile phases could differ considerably if a buffer is not used. During a 
solvent programming run where the mole fraction of the mixture is changing, the 
conductivity of the mixture may change in a nonlinear fashion but it will change 
monotonically from the conductivity of the one neat solvent to the other The actual 
10 variation of the conductance with mole fraction depends on the dissociation constant of 
the solvent in addition to the conductivity of the individual ions. 

As described above, the device shown schematically in Figure 3 1 could be 
used for performing gradient elution liquid chromatograpliy with post-cohimn labeling 
for detection purposes, for example. figure 3 !(■), 3 1(b). and 3 1(c) show the fluid flow 
requirements for carrying out the tasks involved in a liquid chronutognphy experiment 
as mentioned above. The arrows in the figures show the direction and relative 
magnitude of the flow in the channels. In Figure 31(a), a volume of anarytc from the 
anaJyte reservoir 16 is loaded into the separation intersection 40. To execute a pinched 
injection h is necessary to transport the sample from the aruriyte reservoir 16 across the 
intersection to the analyte waste reservoir 18. In addition, to confine the lanaryte 
volume, material from the separation channel 34 and the solvent icservoirs 12,14 must 
flow towards the intersection 40 u shown. The flow from the first reservoir 12 is much 
larger than that from the second reservoir 14 because these are the ritial conditions for a 
gradient elution experiment At the beginning of the gradient dutioo experiment, it is 
desirable to prevent the reagent in the reagent reservoir 22 from entering the separation 
channel 34. To prevent such reagent flow, a small flow of buffer from the waste 
reservoir 20 directed toward the reagent channel 36 is desirable and this flow should be 
as near to zero as possible. After a representative analyte volume is presented at the 
injection intersection 40, the separation can proceed. 

In Figure 31(b), the run (separation) mode is shown, solvents from 
reservoirs 12 and 14 flow through the intersection 40 and down the separation channel 
34. In addition, the solvents flow towards reservoirs 4 and 5 to make a dean injection of 
the analyte into the separation channel 34. Appropriate flow of reajent from the reagent 
reservoir 22 is also directed towards the separation channel The initial condition as 
35 shown in figure 3 1 (b) is with a large mole fraction of solvent I and a small mole fraction 
of solvent 2. The voltages applied to the solvent reservoirs 12. 14 are changed as a 
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While advantageous embodiments have been chosen to illustrate the 
.nvennon, it will be understood by those skilled in the an that various changes and 
modifications can be made therein without departing from the scop* of the invention as 
defined in the appended claims 
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1. A microchip laboratory system for analyzing or synthesizing chemical 
material, comprising: ^ ^ ^ ^ ^ 

.east five of the reservoirs simultaneously have a controlled electrical potential ^assooated 
£Ltt such that material from at least one of ft. reservoirs is transported through the channel 
^at'least one of the other reservoirs to provide exposure to one or more select* chemical 
Z£L environments, thereby resulting in the synthesis or analysis of the chem.cal matenal. 

2. The system of claim 1 wherein the material transported is a fluid. 

3 The system of claim 1 , further comprising: 

a first intersection of channels connecting at least three of the reservoirs; and 
means for mixing materials from two of the reservoirs at the first intersection. 

4 The system of claim 3 wherein the mixing means includes means for 
producing an electrical potential at the first intersection that is less than the electrical potenUal at 
each of the two reservoirs from which the materials to be mixed onginate. 

5 The system of claim 1 , further comprising: 

a first intersection of channels connecting first, second, third, and fourth reservoirs; 

^ means for controlling the volume of a first material transported from the first 

reservoir to the second reservoir through the first intersection by transporting a second matenal 
from the third reservoir through the first intersection. 

6 The system of claim 5 wherein the controlling means includes means for 
transporting the second material through the first intersection toward the second and fourth 
reservoirs. 

7 The system of claim 5 wherein the controlling means includes dispensing 
means for transporting the second material through the first intersection in a manner that prevents 
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10. The system of claim 9. further comprising- 

» a sej - jsn^r — — - — — 

a s.xth reservoir connected to the second intersection by the third channel. 
12. The system of claim 1 1 , further comprising- 

material fa. ',t s^lTTr. " **" " ™™ <™W me 

14. A microchip flow control system, comprising- 

a body having integrated channels connecting at least four reservoirs, the channels 
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fhmun. a &a intersection wherein a. least three of the mervoirs simultaneously have a controued 

a Land res«voir through the firs, in— is selectively conned solel, by 
intent of . martial from a third reservoir through the first intersect™ toward another 

reservoir. 

15. The system of claim 14 wherein the material transported is a fluid. 

16 The system of claim 14, further comprising: 

controlling means for transporting the second material from the third reservo* 
through the first intersection toward the second reservoir. 

17 The system of claim 16 wherein the controlling means includes dispensing 
means for transporting the second material through the first intersection in a manner that prevents 
the first materia, from moving through the first intersection toward the second ™^ a 
selected volume of the first material has passed through the first intersect™ toward the second 



reservoir. 



18 The system of claim 16 whereto the controlling means includes diluting 
me™ for mixing the firs, and secrxtd maeria.. in the first intersection in a n^anner that 
Lltaneousl, tiansports the firs, and s«ond material, from the firs, mters^on toward the 

second reservoir, 

19 The system of claim 14 wherein the inlegraled channels include a first 
channel connecting the first and second reserve*, a second channd connecting tte ,hW 
tTTiZtlir in a manner *at forms a fim to^on wim dte firs. channe4. a~. a tad 
2£Z cocmec* a fifth rese^oir with the secom. channe, a, a location b«ween the firs, 
intersection and the fourth reservoir. 

20 The system of claim 19, further comprising: 

mixing means for mixing material from the fifth reservoir with material transported 
from the first intersection toward the fourth reservoir. 

21. The system of claim 19 wherein the third channel crosses the second channel 
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at a second intersection, the system further comprising: 

a sixth reservoir connected to the second intersection by the third channel. 

22. The system of claim 21 , further comprising: 

means for transporting material from the fifth and sixth reservoirs to simultaneously 
move into the second intersection. 

23. The system of claim 2 1 , further comprising: 

means for transporting material from the fifth and sixth reservoirs through the 
second intersection toward the first intersection and toward the fourth reservoir after a selected 
volume of matenal from the first intersection is t^rted through the second intersection toward 
trie fourth reservoir. 

24. A microflow control system, comprising: 

a „w , 3 *** ^ imEgra,ed ChannelS COnnecting at least four reservoirs, wherein first 
second reservoirs of the four reservoirs contain first and second materials, r^Uv ly a 

connect the fir* reservoir and a third reservoir forming an intersection X chL 
connecting the second and a fourth reservoir; and 

a voltage controller that: 

third _ • • aPPHeSan deCtrical P 0 *"^ difference between the first reservoir and the 

10 ■ — *« » variable volume of me first material from 

the first reservoir through the intersection toward the third reservoir; and 

tn^K f.K , 3 ^ P ° iod ' simultaneo ^ y applies an electrical potential 

to each .f the four reservoirs in a manner that tnmsports the second material from the second 

ZZ£X "IT** ^ * ™ ~ Md ^ inWbitS ~t of the 
first matenal through the intersection toward the third reservoir. 

25. A method of controlling the flow of material through an interconnected 
channel system having at least four reservoirs, wherein a first reservoir of me £ZS£ 
— «. fir* ma^, me channe] ^ - 

the reservoirs, the channels forming an intersection, the method comprising- 

reservoir f th " differenCC tte firSt «d a third 

f " " 1 ^ ** ***** 3 SdeCted ' V3riab,e volu - of the fir« 

matenal from the first reservoir through the intersection toward the third reservoir- and 
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of U,e four reservoirs i. . — U,a, i*b* ,he move.cn, of ,he frs, trough .he 

intersection toward the third reservoir. 
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